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Heavy-lon Collision Experiments
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Heavy-lon Collision Experiments

* Locating the critical point from first-principles — hard
= Heavy-lon Collision Experiments

e RHIC: Au-Au collisions at v/Smax = 200 GeV

* Momentum asymmetry == collective flow
=) strongly-coupled QGP
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Heavy-lon Collision Experiments - continued

* As QGP expands and cools, it follows trajectories with
approx. np/s = const.
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Heavy-lon Collision Experiments 2

* As QGP expands and cools, it follows trajectories with
approx. np/s = const.

* Chemical freeze-out: system dilute enough that particle
numbers freeze
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Heavy-lon Collision Experiments 2

* As QGP expands and cools, it follows trajectories with
approx. np/s = const.

* Chemical freeze-out: system dilute enough that particle
numbers freeze

* Detector “sees” particle multiplicities from freeze-out
conditions

« To maximize critical point (CP) effects vary /s to get
freeze-out point near CP

* Find observables that are sensitive to proximity to the

CP
mmm) FEvent-by-Event fluctuations
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* Critical Contribution to Particle Multiplicity Fluctuations
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Critical Mode

e Critical mode - o : order parameter of the chiral phase
transition
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Critical Mode

e Critical mode - o : order parameter of the chiral phase
transition

* Develops long wavelength correlations at the CP

e Effective action

1 . A A
Qo) = /dgx lz(VJ)2 + %02 -+ §303 -+ 2404 + ...

H B Massachusetts
I I Institute of

Technology



Critical Mode

Critical mode - o : order parameter of the chiral phase
transition

Develops long wavelength correlations at the CP

Effective action

2

1
Qo) = /d3$ [2(V0)2 + 7‘702 -+ 30 -+ id + ...

Correlation length ¢ = m, ' diverges at the CP
Near the CP: A3 = X3 T (T €)7%/2, My = Ay (T €)™ with

0< X3 <8, 4< X <20 dimensionless and known in the
Ising universality class
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Critical Mode Fluctuations

* £ — oo at CP in the thermodynamic limit (¢t,V — o0)
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Critical Mode Fluctuations

* £ — oo at CP in the thermodynamic limit (¢t,V — o0)

* Finite system lifetime = &, ~ 2fm compared to
~ 0.5 fm away from the CP (Berdnikov, Rajagopal 00)

* o couples to pions and protons:
Lormopp = 2 Gorntn  4+qgopp

e Critical mode fluctuations affect
Particle multiplicity fluctuations
Momentum distributions

Ratios, etc...
of these particles.
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Critical Mode Fluctuations

e ¢ — oo at CPin the thermodynamic limit (t,V — o0)
* Finite system lifetime = &, ~ 2fm compared to
~ 0.5 fm away from the CP (Berdnikov, Rajagopal 00)
* o couples to pions and protons:
Lormopp = 2 Gorntn  4+qgopp

e Critical mode fluctuations affect
Particle multiplicity fluctuations

of these particles.
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Measuring fluctuations in particle multiplicities

Number
of events |

Number
of protons
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Measuring fluctuations in particle multiplicities

Number
of events |

measure the mean,

— .
variance, skewness, etc...

Number
of protons

* Can repeat these calculations for pions, net protons, etc
* Want to obtain the critical contribution to these quantities

* We will use cumulants, e.g.:
ke = (N?), k3= (N°), w1=((N"))=(N*)—3(N?)
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Critical contribution to pion/proton correlators
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Critical contribution to pion/proton correlators

1 g Vi, Ui
5nk 577,1{ o — d2 L 2
M < 1 2> mgv T iy Vis

3
23 ( g ) Uk, Vi, Uiy
V2T \mZ ) ki Vs Vks

<5nk1 5nk2 5nk3 >a = d3

me

({(6nuc, Onuc, O, >>—d46 2ﬁ2—A
k]_ nkz nks nk4 g V3T 4

+
) 4 92 2 2 2
« ( g ) Uk, VYky Yk, Vi,
m2 ) Yky Vkz VYks Yka
-1 2
me =& 7, Yk = VK2 +m?2/m, v = (1 £ ny),
N —3/2 N —1
gr = G/mq, d=2, A3 =X T (T )72 M=\ (T8
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Critical contribution to pion/proton correlators

1 g% Vi, Vi
0Nk, 0Nk, ) o = d? L =2 oc €2
M (O Ot mzV T Vi, Vi ;

2Xs [ g \° vi, vi, R
5nk 5nk 5nk o = d3 ( ) L 2 5 o€ 9/2
\Oicy Oty Oy V2T \m2 ) i Yka Vis §

me

({(6nuc, Onuc, O, >>—d46 2ﬁ2—A
k]_ nkz nks nk4 g V3T 4

+
) 4 2 2 2 2
( g ) Vky Vks Vs Via 7
<5 o §
me Tk1 Tka Tks Tka
— / 2
mng 17 Tk = k2+m2/m7 Uk:nk(link)a
N\ —3/2 N —1
gr =G/mz, d=2, A3 =X T (T &), Ay =X\ (T¢)
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Net protons and mixed correlators

* Net protons: N, — Np

Adapt previous expressions by replacing:

p 2 p2 D2
Uy — Ug Uk
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Net protons and mixed correlators

* Net protons: N, — Np
Adapt previous expressions by replacing:

p 2 p 2 D 2
* (Can also calculate mixed correlators, e.g. 2 pion — 2

proton:

2 2 w2 w2 2 2
(00T Su 5nl_ 60 ), = d2d2 — (z (ﬁ) _ A4> (gp gw> UBy YB3 Ubs Uba
1 2 3 a4//10

p TmTxs3 4 p p
V T mo‘ mo‘ f)/gl 7;;2 prS fypél
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Net protons and mixed correlators

Net protons: N, — N3
Adapt previous expressions by replacing:

p 2 p 2 D 2
* (Can also calculate mixed correlators, e.g. 2 pion — 2

proton:

2 2 72,72 2 2
(60, 0T, 0, 50, ) = 22— <2 (2) —/\4> (fge) o toa 2
1 2 3 allo

p-T 3 4 p D
Ver Mo Mg Y5, VBs Tps Vpa

* Note: correlators depend on 5 parameters:
G7 g, 57 5‘37 5‘4
which have large uncertainties
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Calculating multiplicity cumulants

* Second cumulant — variance:

ap = (6N P)r = [ [ (Gmiabnig)e oV
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Calculating multiplicity cumulants

* Second cumulant — variance:

ap = (6N P)r = [ [ (Gmiabnig)e oV

o e Rop.o 9262 /02 . -
 Normalizing: wap,» = ]\Z; :dZQQT (/k’y_l;) </knk>
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Calculating multiplicity cumulants

* Second cumulant — variance:

ap = (6N P)r = [ [ (Gmiabnig)e oV

o e Rop.o 9262 ,02 . -
 Normalizing: wap,» = ]\Z; :dZ%T (/k’y_l;) </knk>

* For mixed cumulants with i protons and j pions:

Wipjm —

Ripjnr

_t _J
s o
sz JNT; J
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Calculating multiplicity cumulants

* Second cumulant — variance:

ap = (6N P)r = [ [ (Gmiabnig)e oV

o e Rop.o 9262 ’U2 . -
 Normalizing: wap,» = ]\Z;]; :dng (/kfy—l;) </knk>

* For mixed cumulants with i protons and j pions:

Ripjnr

Wipjm = i j
Npi—i-j NT?-H
* Non-critical contribution to w;,, =6, ,;+ 6, ,; + (few %)
Poisson l

-Bose-Einstein effects

-Resonance decays
N B Massachusetts
I I I I I Institute of _Etc..

Technology



Calculating multiplicity cumulants

* Second cumulant — variance:

ap = (6N P)r = [ [ (Gmiabnig)e oV

o e Rop.o 9262 ’U2 . -
 Normalizing: wap,» = ]\Z;]; :dng (/kfy—l;) </knk>

* For mixed cumulants with i protons and j pions:

Ripjnr
sz-l—y N%-H ignore

* Non-critical contribution to w;,;, = 6;,;+ 6, ,; + (f%%)

' !

Poisson . .
-Bose-Einstein effects
-Resonance decays
H B Massachusetts
I I I I I Institute of _Etc..
Technology



Multiplicity cumulants — critical point signature

* Higher cumulants depend strongeron & wy o €2,
w3 X 59/27

w4o<€7
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Multiplicity cumulants — critical point signature

* Higher cumulants depend strongeron & wy o €2,
w3 X 59/27
wy ox &7

* As we approach the CP ¢ increases and then decreases
as we move away from it
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Multiplicity cumulants — critical point signature

* Higher cumulants depend strongeron &  w, x &2,
ws o /2,
wy ox &7
* As we approach the CP ¢ increases and then decreases
as we move away from it

* CP signature: Non-monotonic behavior, as a function
of collision energy, of multiplicity cumulants
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Multiplicity cumulants — critical point signature

Higher cumulants depend strongeron & w, x €2,
ws o /2,
wy ox &7
As we approach the CP ¢ increases and then decreases
as we move away from it

CP signature: Non-monotonic behavior, as a function
of collision energy, of multiplicity cumulants

&/fm

E.g. toy example 20/

15¢

2 fm :
(14 (up —400)2/W2)1/3 7

0.5F

{(pB) =
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Multiplicity cumulants — example plots

W4 p
1000 i ——— g=5,A=0.1 GeV
i — &=7,4=0.1GeV Parametrization (Cleymans et al 05):
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Data on net proton cumulants
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Critical contribution to proton w,

W4 p
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Multiplicity cumulants — movie

Changing the critical u; — the location of the CP:

QUIESEA e d

Wy p
2500

2000 f
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Outline

e Ratios of Fluctuation Observables
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Uncertainties of parameters

* Cumulants depend on 5 non-universal parameters:
Kor ~ VI IG2E2N?Z,

Kgr ~ VI 3/2G3\36%2 N3,

Foamw ~ VT 2GH2M2 — N N2
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Uncertainties of parameters

 Cumulants depend on 5 non-universal parameters:
or ~ VT 1G?E2 N2,
kg ~ VT 3/2G3N\36%2 N3,
Foamw ~ VT 2GH2M2 — N N2

* G, g, & X3, . have large uncertainties
== hard to predict the critical contribution to cumulants
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Uncertainties of parameters

 Cumulants depend on 5 non-universal parameters:
Kor ~ VI IG2E2N?Z,
Kgr ~ VI 3/2G3\36%2 N3,
Foamw ~ VT 2GH2M2 — N N2

* G, g, & X3, . have large uncertainties

== hard to predict the critical contribution to cumulants

e By taking ratios of cumulants can cancel some
parameter dependence

== minimize observable uncertainties
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Ratios of multiplicity cumulants

ratio Vonp(ps) g G A3 A 3
Nx 1 . - - - - -
Np 11 A
. . N »~ ¢
K"ipjzr 1 (2 2 ] (5,-,3 (),-'4 %7 -3
e i N 5 ‘
Wipjn - i—z i J Or3 Orq4 57 —3
~ ri—1 Ti . % p
h-zp]ﬂ'."\ T ,l/.'\’p - - (4 J 67\3 61"'4 57 - 3
- T / - - . .
h2p21r-'\’7r,"’\'41rh2p - - - -2 - - -2
2y 2 ) /
KapN7z /KanK2p - - - =4 - - —4
N T2 /.. T2 ¢ ¢
h'2p2ﬂ'-l,\p ,f"’\'-'.lp‘l T - = - 2 - - -
T ' T r
N'Bplrr-'\p,""tdpi\’ir - N -1 1 - - -
3/2 , 9/d 1/4 .
kapNp'* [kob Nx'“f|- - -3/2 - 1 - -
A 2 ¢
'\2p’\-4p,,'/h3p - - - - =21 -
L 2y 3/2
KapRoyx [KarKaop - - - = - = -
T S
KapKax [ KawKap - - - - - - -
-2 o e
Kapar [ KaxKap - - - = - = -
) ;..2/3 1/3
K2plmw [Kar Kanp - - - - = - -

Ratios taken after subtracting Poisson and defined S\ﬁl = 25\:%) — 5\4
I I I mEm Massachusetts r=1+)
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Ratios of multiplicity cumulants

ratio Vonp(ps) g G A3 A 3
N 1 . - - - - -
Np 1 1 - - - - -
- - ~ »~ ¢
Kipjmw 1 z z J Or3 Ora i -3
, T S 5 q
Wipjm - 1=z (2 ] (5,-_3 (),-'4 %7 -3
. ri—1 Ti ’ * p
h-zp]ﬂ'."\ T ,l/.'\’p - - 2 J 67\3 61"'4 57 - 3
H2p21r-'\’7r,""\741r'{2p - - - -2 - - -2
2y 2 ; |
KapN7z /KanK2p - - - =4 - - —4
- 12 (. N2 9«
h'2p2ﬂ'-l,\p ,f"’\'-'.lp‘l m = - - 2 - - -
N'Bplrr-'\p,"'{dpi\’ir - - —1 1 - - -
3/2 , 9/d,-1/4 o 7¢
kapNp'* [kob Nx'“f|- - -3/2 - 1 - -
'\2p’\-4p,,'/h3p - - - - =21 -
L 32y /2
KapRoyx [KarKaop - - - - - - -
T -
No parameter KapKax [KanKap - - - - - - -
dependence Kipor/Kaxkap ||- - - - - - -
) ;..2/3 1/3
K2plmw [Kar Kanp - - - - - - =

Ratios taken after subtracting Poisson and defined S\ﬁl = 25\:%) — 5\4
I I I mEm Massachusetts r=1+)
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Parameter independent ratios

* Parameter and energy independent ratios:

skewness kurtosis Kopln Kapar
_ p _ P oy, — e
L= y T2 = — 5 '3 2/3 1/3> "4
skewness. kurtosis g Kl KanKap
, K
where skewness — —=, kurtosis = —
3/2 (2
Ko 2
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Parameter independent ratios

* Parameter and energy independent ratios:

skewness kurtosis Kopln Kapar
_ P _ P oy, — e
T = y, T2 = 3 3 3 2/3 1/37 4
skewness. kurtosis g Kl KanKap
, K
where skewness — —=, kurtosis = —
3/2 (2
Ko 2

* All equal to 1 if CP contribution dominates
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Parameter independent ratios

* Parameter and energy independent ratios:

skewness kurtosis Kopln Kapar
_ P _ P oy, — e
T = y, T2 = 3 3 3 2/3 1/37 4
skewness. kurtosis g Kl KanKap
, K
where skewness — —=, kurtosis = —
3/2 (2
Ko 2

* All equal to 1 if CP contribution dominates
* Poisson contribution: 1 = (Nx/N,)"? , ro = Ny/N,, 73 =14 =0
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Parameter independent ratios

Parameter and energy independent ratios:

skewness kurtosis Kopln Kopan
. p . p S e
T = y, T2 = 3 3 3 2/3 1/37 4
skewness. kurtosis, g Kl KanKap
K , K
where skewness — —=, kurtosis = —
3/2 (2
Ko 2

All equal to 1 if CP contribution dominates
Poisson contribution: 71 = (Nx/N,)/? 7y = N./N,, 13 =14 =0
How to use these ratios:

* If one sees peaks in the measured cumulants at some p,

e C(Calculate these ratios around the peak

* Ifequal to 1l = Parameter independent way of verifying
that the fluctuations you see are due to the CP
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Constraining parameters

e If CP found, can constrain parameters by measuring
cumulant ratios near the CP
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Constraining parameters

e If CP found, can constrain parameters by measuring
cumulant ratios near the CP

* Parameters appear in certain combinations in the
cumulants == can only constraint 4 independent (but

not uniqgue) combinations
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Constraining parameters

If CP found, can constrain parameters by measuring
cumulant ratios near the CP

Parameters appear in certain combinations in the
cumulants == can only constraint 4 independent (but
not uniqgue) combinations

For example, some choices are:

1. Gf using ff2p27rN7r/f<347rKJ2p or f‘64pN72//f47r’f§pa
2. G/g using kapar N, /KapNZ OF K3p1aNp/kap Ny,
3. A/A3 USINg kopkap/K2,,

4. X2/g® using rapN2/2 [kl NYA,
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Outline

* Summary
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Summary

We used particle multiplicity fluctuations as a probe to
the location of the CP

Higher cumulants of event-by-event distributions are
more sensitive to critical fluctuations

CP signature: Non-monotonic behavior, as a function of
collision energy, of multiplicity cumulants

Constructed cumulant ratios to identify the CP location
with reduced parameter uncertainties

If CP is found, showed how to use cumulant ratios to
constraint the values of the non-universal parameters
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Thank you!



